S[tudies]{.smallcaps} on the molecular mechanisms for cellular interactions have traditionally been hindered by a deficiency of natural products that selectively target specific forms of intercellular communication. One primary mode for direct intercellular contact involves the cell-to-cell transmission of molecules through channels in a specialized cell surface membrane structure, the gap junction ([@B23]). Gap junctions allow the passive diffusion of molecules between cells with a selectivity based principally on size, allowing the exclusive movement of molecules smaller than 1,000 D. Such size-selective molecular communication is essential for many forms of multicellular function, including the regulation of events between cells during embryogenesis and the synchronization of cells in the myocardium ([@B8]; [@B37]). Previously, we reported the structure determination of a novel, sleep-inducing lipid, 9(Z)-octadecenamide, or oleamide, originally isolated from the cerebrospinal fluid of sleep-deprived cats ([@B5]). In our continued efforts to identify and characterize cellular effects associated with oleamide, we now report that oleamide potently and selectively blocks gap junctional communication in rat glia without altering calcium wave transmission in these cells.

Materials and Methods
=====================

Cell Culture
------------

Rat glial cells ([@B34]) obtained from Dr. Trosko\'s laboratory (Michigan State University, East Lansing, MI) were cultured in standard plastic tissue cultureware in Richter\'s Improved Minimal Essential Medium (Irvine Scientific, Santa Ana, CA), supplemented with 10% FCS and 50 μg/ml gentamicin sulfate, and incubated in a humidified atmosphere of 95% air/5% CO~2~ at 37°C. The cells were passaged by trypsinization and used at passages four through eight. BHK cells that were stably transfected with a β~1~ connexin cDNA ([@B24]) were cultured in DME medium supplemented with 5% FCS and 50 μg/ml gentamicin sulfate and incubated in a humidified atmosphere of 95% air/5% CO~2~ at 37°C. To induce β~1~ connexin expression in the BHK cells, 100 μM zinc acetate was added to culture medium for 8--18 h when the cell culture was ∼90% confluent.

Gap Junction Dye Coupling Assays
--------------------------------

Gap junctional communication in glial cell and BHK/β~1~ cell cultures was assayed by microinjection of 5% Lucifer yellow CH dye in 0.1 M LiCl solution and quantitated by determining the number of directly adjacent, neighboring cells that received dye (dye coupling). Micropipettes were loaded with the dye solution by backfilling. Cells were visualized using an inverted phase contrast/epifluorescent microscope (Carl Zeiss, Inc., Thornwood, NY) and impaled with dye-filled micropipettes using a microinjector (model 5246; Eppendorf Scientific, Inc., Madison, WI). 5 min after dye injection, the frequencies of dye transfer from microinjected, dye-loaded cells to directly adjacent cells (dye coupling) were determined using epifluorescent illumination. For each treatment condition, 10 cells were microinjected in each of three dishes. The percentages of dye-coupled, neighboring cells in each of three dishes were used to calculate the mean (±SD) of dye coupling percentages for each treatment condition. For scrape-loading experiments, Lucifer yellow CH (0.05% dye in PBS) was loaded intracellularly by cutting or scraping cells in the monolayer with a sharp knife. The dye solution was left in the dish for 90 s. The solution was then discarded, and the dish was subsequently washed with PBS. The cells were examined for dye transfer with an inverted epifluorescence microscope, and the degree of communication was assessed by determining the extent of Lucifer yellow transfer into contiguous cells.

Gap Junction Electrical Coupling Assay
--------------------------------------

Junctional conductance was measured using double whole-cell patch recording performed on pairs of rat glial cells as described ([@B26]) with a pipette solution of (nM): 160 Kaspartate, 10 EGTA, 2 CaC1~2~, 4 ATP, 10 Hepes, pH 7.2. The external solution contained (mM): 160 NaCl, 4.5 KCl, 2 CaCl~2~ , 1 MgCl~2~, 10 Hepes, pH 7.4. Both cells were held at −40 mV, and pulses to −20 mV were alternately applied to each cell. Holding currents were subtracted in the records shown. Cells that were examined were generally in contact with other cells. The electrical conductance was calculated as the junctional current divided by 20 mV. All dye coupling and conductance studies were performed at room temperature.

Calcium Wave Images
-------------------

Rat glial cells were loaded with 5 μM Fluo-3/AM (Calbiochem, La Jolla, CA) in Hank\'s balanced salt solution containing 25 mM Hepes buffer (HBSS/Hepes) for 1 h, at which point the loading buffer was exchanged for new HBSS/Hepes buffer. The cell cultures were then left at room temperature for at least 30 min. Mechanical stimulation of a single cell was performed as follows: a glass micropipette (tip diameter of ∼0.5 μm) was micromanipulated downward onto a single cell, causing a transient deformation of the cell membrane. The calcium image was then examined with an inverted fluorescence microscope and photographed with a digital fluorescence microscope (excitation = 506 nm, emission = 526 nm). The degree of calcium wave propagation was quantitated by counting at different time points the number of transmitting cells in one linear direction away from the stimulated cell. Junctional dye transfer rates were simultaneously examined by microinjection of Lucifer yellow CH in the same dishes; the methods for dye transfer assay were described in "Gap Junction Dye Coupling Assays." For calcium wave and dye transfer studies, the drug was preincubated with the glial cells for 10 min, and the drug was left in the experimental solution throughout the examination. All experiments were performed at room temperature.

Immunoblotting
--------------

Plasma membrane fractions containing gap junctions were obtained after hypotonic alkali extraction of the glial cells. The extracted protein was dissolved in 2% SDS, and the total protein was determined using the Bio-Rad DC Protein Assay kit (Hercules, CA). 10 μg of protein was electrophoresed by 10% SDS-PAGE and subsequently blotted electrophoretically onto Immobilon-P membranes (Millipore Corp., Bedford, MA). Gap junction protein was detected using anti--α~1~ connexin polyclonal rabbit antibodies and the HRP/Chemiluminescence detection kit (Amersham Corp., Arlington Heights, IL) following the manufacturer\'s instructions.

Results
=======

Gap Junction Dye Coupling and Electrical Coupling
-------------------------------------------------

Gap junction--mediated intercellular communication in cultured rat glial cells ([@B34]) was evaluated by microinjection and scrape-loading ([@B9]) of the fluorescent dye, Lucifer yellow. While under control conditions, microinjected glial cells demonstrated strong dye coupling as monitored by intercellular Lucifer yellow diffusion (Fig. [1](#F1){ref-type="fig"}, *A--C*). Pretreatment of these cells with 50 μM oleamide for 10 min completely blocked intercellular dye transfer (Fig. [1](#F1){ref-type="fig"}, *D--F*). Likewise, glial cells scrape-loaded with Lucifer yellow showed significant dye transfer that was fully abrogated by pretreatment with oleamide under the same experimental conditions used for microinjection (Fig. [1](#F1){ref-type="fig"}, *G--I*). Dose-response and time-course studies of oleamide-induced inhibition of transfer of microinjected dye were conducted (Fig. [1](#F1){ref-type="fig"}, *J* and *K*, respectively). Different concentrations of oleamide were examined for up to 4 h of treatment (Fig. [1](#F1){ref-type="fig"} *J*); maximal inhibition occurred with a concentration of 50 μM. Consequently, we used this concentration to determine the time-dependent response. As shown in Fig. [1](#F1){ref-type="fig"} *K*, at this concentration half-maximal inhibition occurred within 5 min, while complete inhibition was observed within 10 min. Oleamide\'s effects on gap junction permeability proved stable and completely reversible. Thus, whereas no restoration of dye coupling was observed in glial cells that were continually exposed to oleamide for up to 24 h, once oleamide was removed by changing the culture media, junctional communication recovered to control levels within 1--2 h (see Fig. [1](#F1){ref-type="fig"} *K*, *Recovery period*). Similar inhibitory responses were observed also by using the scrape-loading dye method (data not shown).

As an additional measure of Oleamide\'s effect on gap junction permeability, glial cell gap junctional conductance was examined in the presence of oleamide by using the double whole-cell recording technique ([@B30]; [@B35]; [@B26]) (Fig. [2](#F2){ref-type="fig"}). Consistent with its effect on gap junction--mediated dye transfer, oleamide (50 μM) completely blocked junctional electrical coupling in glial cells. In experiments carried out on eight cell pairs, the mean of junctional conductance of control pairs was 13 ± 7 nS (*n* = 3), and the mean junctional conductance of cell pairs exposed to 50 μM oleamide was 0.5 ± 0.7 nS (*n* = 5).

Structure--Activity Relationship
--------------------------------

To evaluate oleamide\'s structure--activity relationship, several chemical analogues of oleamide were synthesized ([@B6]) and tested for their ability to block gap junction permeability (Fig. [3](#F3){ref-type="fig"}). In contrast to oleamide, oleic acid and *trans*-9-octadecenamide (*trans*-oleamide) showed no effect on glial cell dye coupling, even at higher doses. Interestingly, oleic acid has previously been demonstrated to inhibit gap junction communication in rat cardiac myocytes ([@B21]), which like rat glia, express the α~1~ connexin (Cx43). Thus, the selective response of the glial cells to oleamide is more likely a function of cell type rather than the primary structure of the α~1~ connexin. Other *cis*-monounsaturated fatty acid amides, in addition to oleamide, demonstrated varying degrees of inhibition. 50 μM *cis*-11-octadecenamide only slightly affected junctional coupling, but at 100 μM levels the compound completely blocked dye transfer. Oleyl ethanolamide and *cis*-8-octadecenamide were significant inhibitors of dye transfer at 50 μM levels but proved less potent than oleamide at lower doses. Thus, the key chemical features of oleamide that impart upon the compound its inhibitory properties appear to be the amide functionality and the *cis*-double bond, with discernible preference exhibited for a primary amide moiety and location of the degree of unsaturation at the Δ^9^ position along the alkyl chain. Oleamide\'s effect on glial cells was also compared with the activity of other established inhibitors of gap junction communication. Both 18β-glycyrrhetinic acid (18β-GA)^1^ ([@B7]; [@B18]) and anandamide ([@B36]) blocked dye transfer at doses comparable to oleamide, while much higher concentrations of heptanol ([@B22]; [@B25]) (3 mM) were required to inhibit junctional communication (Fig. [3](#F3){ref-type="fig"}).

Oleamide Effects on β~1~ Connexin--transfected BHK Cells
--------------------------------------------------------

To evaluate whether oleamide\'s effect on α~1~-containing gap junctions was specific to the α~1~ junctional type, we determined dye transfer properties in BHK cells that were transfected with β~1~connexin (Cx32) to produce β~1~-containing gap junctions. For this analysis, we applied the same experimental conditions that were used for the rat glial cell experiments. 50 μM oleamide was found to rapidly and completely block dye transfer (Fig. [4](#F4){ref-type="fig"} *D*) between BHK/β~1~ cells, while oleic acid and *trans*-9-octadecenamide showed no effect (Fig. [4](#F4){ref-type="fig"} *E*). Other inhibitory compounds, like anandamide, 18β-GA, and heptanol, had inhibitory effects on dye transfer between the BHK/β~1~ cells that were very similar to those observed in the rat glial cells (compare Figs. [4](#F4){ref-type="fig"} *E* and [3](#F3){ref-type="fig"}).

Gap Junctional Intercellular Communication and the Calcium Wave
---------------------------------------------------------------

Since several previous studies have indicated that calcium waves in brain cell populations can propagate in a gap junction--dependent manner ([@B3]; [@B10]; [@B13]), we next evaluated oleamide\'s effect on calcium wave transmission among glial cells. Using the intracellular calcium indicator, Fluo-3 ([@B4]), to monitor changes in intracellular calcium levels within the glial cell population, we found that 50 μM oleamide had no impact on mechanically induced calcium wave propagation (Fig. [5](#F5){ref-type="fig"}, *D--F*, and Table [I](#TI){ref-type="table"}). Intrigued by oleamide\'s contrasting effects on gap junction communication and calcium wave transmission, we compared oleamide\'s properties to other gap junction inhibitors. 18β-GA (40 μM) and heptanol (3 mM) showed no discrimination in their inhibitory activity, completely blocking both dye transfer and calcium wave propagation in glial cells (Fig. [5](#F5){ref-type="fig"} *C* and Table [I](#TI){ref-type="table"}). In contrast, we found that anandamide, an amidated lipid-like oleamide, resembled oleamide in activity, selectively inhibiting gap junction communication (dye transfer and electrical coupling) without affecting calcium wave transmission (Table [I](#TI){ref-type="table"}).

In mammary gland cells ([@B11]), mast cells ([@B31]), and insulin-secreting cells ([@B1]) calcium waves have been shown to propagate by a process dependent on extracellular release of ATP from the stimulated cell. To examine whether glial cells also transmitted ATP-dependent calcium waves, the glia were treated with the P~2~-purinergic receptor antagonist, suramin ([@B31]; [@B19]), and subsequently tested for calcium wave transmission. As shown in Table [I](#TI){ref-type="table"}, suramin (200 μM) blocked glial calcium wave transmission without affecting gap junction communication in these cells. Co-treatment of the glia with suramin and oleamide produced the combined phenotype of blocked calcium wave transmission and blocked gap junction communication, further supporting the notion that the two pathways for these interglial interactions are distinct and separate.

Changes of α~1~ Connexin Phosphorylation
----------------------------------------

In an effort towards defining the molecular mechanism of oleamide\'s action on gap junctions, we examined the phosphorylation profile of the α~1~ connexin in glial cells upon treatment with oleamide. The α~1~ connexin has previously been shown by Western blotting to exist in three distinguishable isoforms ([@B28]; [@B17]): nonphosphorylated, NP (∼42 kD) and two phosphorylated isoforms, P~1~ (∼44 kD), and P~2~ (∼46 kD). Upon exposure to oleamide (50 μM), glial cells demonstrated a dramatic loss of the P~2~ isoform with no discernible change in the levels of P~1~and NP (Fig. [6](#F6){ref-type="fig"}, lane *4*). The effect of oleamide on the α~1~ phosphorylation profile proved reversible, as removal of oleamide from the glial cell culture media was associated with a restoration of P~2~ to control levels (Fig. [6](#F6){ref-type="fig"}, lane *5*). No change in the α~1~ phosphorylation profile was detected in glial cells exposed to oleic acid or *trans*-9-octadecenamide (Fig. [6](#F6){ref-type="fig"}, lanes *2* and *3*), two oleamide analogues that did not inhibit gap junction communication.

Discussion
==========

The sleep-inducing lipid, oleamide, exhibits the special capacity to block gap junction communication in glial cells as monitored by dye transfer and electrical conductance without inhibiting intercellular calcium wave transmission in these same cells. Additionally, oleamide induces a dramatic change in the phosphorylation profile of the α~1~ connexin protein, the principle component of the glial cell gap junction channels. The loss of both gap junction permeability and α~1~connexin P~2~ in the presence of oleamide is consistent with previous work indicating that the P~2~ connexin isoform is associated with the formation of functional gap junction plaques ([@B28]; [@B27]; [@B17]). However, the precise causal relationship between oleamide-induced gap junction blockage and the loss of the connexin-phosphorylated P~2~ isoform remains uncertain, and this must be examined in more detail to determine if there is a specific association between the two events.

The observation that calcium waves can propagate in glial cells when gap junction communication pathways have been eliminated implies that calcium waves in these cells need not, as previously suggested ([@B3]; [@B10]; [@B13]), be exclusively dependent on gap junctional communication. The precise relationship between these observations and previously reported studies on gap junction--associated calcium waves remains to be clarified. However, our observation that suramin, a P~2~-purinergic receptor antagonist, blocked calcium wave transmission in glial cells without affecting gap junction communication suggests that these cells may transmit intercellular calcium signals by an ATP-dependent mechanism akin to those previously reported for mammary gland cells ([@B11]), mast cells ([@B31]), liver epithelial cells ([@B15]), insulin-secreting cells ([@B1]), neuroepitheliomas ([@B32]), and astrocytes ([@B20]). Interestingly, the realization that intercellular calcium waves in glial cells can persist without functional gap junctions may help to explain the presence of calcium waves in certain tissues like the retina, where thus far gap junctional pathways have not been definitively described among all cell types that participate in transmission of the calcium wave ([@B12]).

In the course of studying oleamide\'s effect on gap junction communication, we also accumulated evidence that previously identified gap junction inhibitors, such as 18β-GA and heptanol, are not selective in their inhibitory activity on gap junction channels but rather appear to act as more general nonspecific perturbants of the plasma membrane and its corresponding functions. Since medium chain alcohols ([@B22]; [@B25]) and glycerrhetinic acid derivatives ([@B7]; [@B18]) are often used as tools for specifically studying the gap junctions, we would suggest that, in the future, their biological effects be evaluated in the context of the entire cell. Otherwise, the role of gap junctions in complex cellular phenomena like calcium wave transmission may remain obscure.

Although it is not possible yet to determine the precise mechanism that oleamide uses to exert its effect on gap junction channels, the results from this initial analysis indicate that oleamide will block gap junction channels that contain different connexins (α~1~ and β~1~ connexin). Based on these observations, it is reasonable to consider the possibility that oleamide exerts its action on some generalized structural property of the connexin oligomers or channels in the lipid bilayer. Such a mechanism of action would not be dependent on the integrity of the carboxy-terminal domain or other diverse primary sequence properties that exist between the members of the connexin multigene family.

To try to determine if oleamide treatments affect other cell biological processes in addition to gap junction channels, we examined several other cellular systems and membrane activities: the in vitro differentiation of chick embryo myoblasts (Guan, X., and N.B. Gilula, unpublished data); the differentiation of mouse C2C12 myoblasts (Ledbetter, M.L., unpublished data); the differentiation of mouse F9 teratocarcinoma cells (Guan, X., and N.B. Gilula, unpublished data); the maintenance of steady-state potassium levels (Ledbetter, M.L., unpublished data); and the potential toxic effects on rat glial and rat liver WB-F344 cells (Guan, X., and N.B. Gilula, unpublished data). In all of these studies, no significant effects were observed. Many of these cellular systems or processes were examined under conditions where the cells were exposed to oleamide with doses as high as 150 μM with treatment as long as 3 d. Thus, it is quite unlikely that oleamide exerts general and nonspecific effects on a number of normal cellular processes. Although it is not possible to rule out additional targets for the action of oleamide based on the limited studies thus far, it is noteworthy that its observed effects on gap junction channel permeability are remarkably specific.

In this context, oleamide and related molecules such as anandamide should prove to be very useful reagents, serving as more specific probes for determining the function of gap junction channels in vivo than the relatively nonspecific reagents that have been previously applied, such as heptanol and glycerrhetinic acid. Furthermore, although oleamide can block gap junction channels that are composed of different connexins, there appears to be a cell-specific property in determining the effect of oleamide on gap junction channels. For example, in a preliminary analysis we have observed that the gap junctional communication property between mammalian myocardial cells is not as sensitive to the inhibitory action of oleamide as are the gap junction channels in other mammalian cell types (Guan, X., and N.B. Gilula, unpublished observations). The finding of a different sensitivity for different cell types is consistent with previous reports of other related molecules, such as arachidonimide and oleic acid. These chemicals have a different effect on junctional communication in myocardial cells and in vascular smooth muscle cells ([@B14]; [@B21]). Hence, such cell-specific responses to bioactive lipids, such as oleamide, may be extremely beneficial for protecting the myocardium from the effects of such molecules in vivo.

Finally, by blocking gap junction permeability in glial cells, oleamide may be expected to exert intricate modulatory effects on brain function and physiology, preserving certain glial forms---and perhaps also glial--neuronal ([@B2]; [@B29]; [@B33]) forms---of cell--cell interaction, like calcium wave transmission, in the absence of the chemical and electrical forms of intercellular contact mediated by gap junctions. The precise mechanism by which oleamide exerts its profound effect on gap junction channels is unknown. However, in addition to the potential direct interaction with the assembled gap junction or its associated proteins, a most intriguing possibility is that oleamide functions by perturbing the lipid environment of membrane proteins and organelles ([@B16]), thus representing a new class of biologically active lipids that act as fluidity transmitters.

We thank J.E. Trosko for providing the rat glial cells used for this study and K.M. Hahn (The Scripps Research Institute) for his generous assistance in recording the calcium images.

1\. *Abbreviation used in this paper*: 18β-GA, 18β-glycyrrhetinic acid.

B.F. Cravatt was supported by a Predoctoral Fellowship from the National Science Foundation. This work was supported by the National Institutes of Health and the Lucille P. Markey Charitable Trust.

Address all correspondence to Norton B. Gilula, Department of Cell Biology, The Scripps Research Institute, 10550 N. Torrey Pines Rd., La Jolla, CA 92037. Tel.: (619) 784-9770. Fax: (619) 784-2345. E-mail: <nbg@scripps.edu>

###### 

Oleamide inhibition of gap junction--mediated dye coupling between rat glial cells. Cultured rat glial cells (*A* and *D*, phase) were microinjected with Lucifer yellow (*B* and *E*) and showed efficient dye transfer to adjacent cells under (*C*) control conditions (0.1% ethanol present in culture media). (*F*) Treatment of glial cells with 50 μM oleamide for 10 min completely blocked dye transfer. Glial cells were also scrape-loaded (*G*, phase) with Lucifer yellow, and under control conditions dye was efficiently transferred from dye-loaded cells to adjacent cells (*H*)*,* with no dye spread to adjacent cells when treated with oleamide (*I*). (*J*) Dose- response studies of oleamide-induced blockage of dye transfer were conducted by treating glial cells with various concentrations of oleamide (5--100 μM) for 4 h before injection of Lucifer yellow and monitoring of dye transfer. Approximately 50% inhibition of dye transfer was observed with 20 μM oleamide, and complete inhibition of dye transfer was observed with 50 μM oleamide. (*K*) Time course of oleamide-induced blockage of gap junction dye transfer was determined by treating glial cells with 50 μM oleamide for indicated times before injection of Lucifer yellow. Reversibility of oleamide\'s effect on gap junctions was established by removing oleamide-containing media from the culture dish, reculturing cells with fresh media without oleamide, and monitoring dye transfer over the subsequent hour. Complete recovery of dye transfer to control levels was observed within 1 to 2 h after removal of oleamide. *R*, recovery. \**P* \< 0.01 versus control groups (Student\'s *t* test). Bar, 50 μm.
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![Double whole-cell patch recording combined with observation of dye spread was used to assess gap junctional conductance in cultured rat glial cells. (*A*) Time course of voltages applied to each cell. Cells were held at −40 mV, and first cell 1 and then cell 2 was stepped to −20 mV. The thick trace shows voltage applied to cell 1, and the thin trace shows the voltage applied to cell 2. (*B* and *C*) Response of cells to the voltage protocol shown in *A*. Thick traces show the currents in cell 1, and the thin traces show currents in cell 2. The upward current deflections show the sum of surface membrane and junctional current in the cell whose potential is changed from −40 to −20 mV. The upward deflections from 50 to 150 ms are currents in cell 1, and the deflections from 200 to 300 ms are currents in cell 2. Downward deflections consist solely of junctional currents recorded in the cell held at −40 mV. In *B*, large downward current deflections show a pair of control cells that were well coupled. Note that although the upward deflections elicited by pulsing first one cell, then the other, are different sizes, the downward current deflections, elicited by a 20-mV transjunctional voltage, are of equal size, demonstrating that a driving force of 20 mV produces a constant junctional current regardless of which cell is pulsed. In *C*, the lack of downward current deflections in response to a 20-mV pulse shows that a different pair of cells exposed to 50 μM oleamide was completely uncoupled. *D* compares junctional currents of control and experimental cell pairs during the first 150 ms of the experiments shown in *B* and *C*. Note that there is no detectable downward deflection in the trace from the cell pair exposed to oleamide. In this case, the experimental data set an upper limit on the residual junctional conductance of less than 50 pS. Thus, the junction is completely uncoupled. (*E*) Time course of recording trace of junctional electrical conductance, showing the rapid loss of electrical coupling after addition of 50 μM oleamide to the bathing solution.](JCB.32961f2ae){#F2}

![Structure--activity studies of oleamide-induced blockage of gap junction dye transfer in cultured glial cells were conducted to evaluate which chemical features of oleamide were required for its inhibitory effect. Oleic acid and *trans-*9-octadecenamide had no effect on dye transfer, while of the remaining *cis*-monounsaturated fatty acid amides, oleamide proved to be the most potent inhibitor. Following oleamide in order of potency were: *cis*-8-octadecenamide \> oleyl ethanolamide \> *cis*-11-octadecenamide. Oleamide was also compared with other gap junction inhibitors, anandamide, 18β-GA, and heptanol.](JCB.32961f3){#F3}

###### 

Oleamide effect on gap junction dye transfer between BHK/β~1~ cells. In the presence of zinc induction, BHK/β~1~ cells (*A* and *C*, phase) were microinjected with Lucifer yellow and showed efficient dye transfer to adjacent cells in the control condition (*B*) (with 0.1% ethanol in culture media) and no dye transfer between cells that were treated with oleamide (*D*) (50 μM oleamide for 10 min). (*E*) Comparison of dye transfer rates between BHK/β~1~ cells under different treatment conditions. BHK/ β~1~ cells without zinc induction had a low incidence (10 ± 4%) of dye transfer. After adding zinc to the culture medium for 8--18 h, dye transfer was significantly increased (95 ± 5%). 50 μM oleamide completely blocked dye transfer (0 ± 0%) in the zinc- induced sample. Anandamide (50 μM), 18β-GA (50 μM), and heptanol (3 mM) showed similar inhibition, while oleic acid (50 μM) and *trans*-9-octadecenamide (50 μM) had no effect on dye transfer (*E*). All determinations were made after 4 h of treatment. Bar, 50 μm.
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![Effect of oleamide and 18β-GA on calcium wave propagation in rat glial cells. Rat glia (phase, *A*) were loaded with the calcium indicator dye, Fluo-3, and changes in the intracellular free calcium concentration (\[Ca^2+^\]~i~) were documented as changes in the intensity of fluorescent dye both before (*B*) and after (*C--F*) mechanical stimulation. Fluorescence changes were monitored with an inverted fluorescence microscope. In the presence of 40 μM 18β-GA (incubated with glia for 10 min before mechanical stimulation), mechanical stimulation resulted in an increase in \[Ca^2+^\]~i~ in the stimulated cell, but this \[Ca^2+^\]~i~ change did not propagate to any other cells (*C*). In contrast, in rat glia treated with 50 μM oleamide (preincubation from 10 min to 4 h) mechanical stimulation produced an increase in \[Ca^2+^\]~i~ that was rapidly propagated to cells at long distances in an indistinguishable manner from control cell populations (*D--F*, time course of wave propagation; *D*, 2 s; *E*, 4 s; *F*, 8 s). For a quantitative comparison of calcium wave propagation in cells treated by different agents and control cell populations, see Table [I](#TI){ref-type="table"}. Bar, 30 μm.](JCB.32961f5){#F5}

###### 

Effects of Different Agents on Calcium Wave Propagation and Gap Junctional Communication

  Treatment               Number of cells participating in wave (in one direction)      Junction dye coupling (%)                                                                
  -------------------- -- ---------------------------------------------------------- -- --------------------------- -- ------- -- ------------------------------------------- -- -------------------------------------------
  Control                 1 ± 0                                                         3 ± 1                          7 ± 1      11 ± 1                                         98 ± 2
  Oleamide (50 μM)        1 ± 0                                                         2 ± 1                          7 ± 1      11 ± 2                                          0 ± 0[\*](#TFI-150){ref-type="table-fn"}
  Anandamide (50 μM)      1 ± 0                                                         2 ± 1                          7 ± 1      11 ± 1                                          0 ± 0[\*](#TFI-150){ref-type="table-fn"}
  18β-GA (40 μM)          0 ± 0                                                         0 ± 0                          0 ± 0       0 ± 0[\*](#TFI-150){ref-type="table-fn"}       0 ± 0[\*](#TFI-150){ref-type="table-fn"}
  Heptanol (3 mM)         0 ± 0                                                         0 ± 0                          0 ± 0       0 ± 0[\*](#TFI-150){ref-type="table-fn"}       0 ± 0[\*](#TFI-150){ref-type="table-fn"}
  Suramin (200 μM)        1 ± 0                                                         1 ± 0                          1 ± 0       1 ± 0[\*](#TFI-150){ref-type="table-fn"}      98 ± 1
  Oleamide + suramin      1 ± 0                                                         1 ± 0                          1 ± 0       1 ± 0[\*](#TFI-150){ref-type="table-fn"}       0 ± 0[\*](#TFI-150){ref-type="table-fn"}

The number of cells participating in calcium wave propagation was quantified by counting the number of responding cells in one direction from the stimulated cell. The time points indicated above were analyzed after the initiation of calcium signaling; the responding cell numbers are expressed as mean ± SD. Gap junction dye transfer was expressed as dye coupling percentage (mean ± SD), which is described in Materials and Methods. Each treatment was performed in three dishes, and 10 individual fields were examined in each dish, *n* = 30.  

*P* \< 0.01 versus control group (student\'s *t* test).  

![Western blot analysis of the α~1~ connexin protein from glia treated with oleamide and its inactive structural analogues. Lane *1* contains a sample of control cells treated with 0.1% ethanol for 4 h. Lanes *2--4* contain samples of cells treated for 4 h with 50 μM oleic acid, 50 μM *trans*-9-octadecenamide, and 50 μM oleamide, respectively. The loss of P~2~ α~1~ in glia treated with oleamide was reversible, as P~2~ was present at control levels after removal of oleamide from the culture dish and culturing the cells in normal culture media for 4 h (lane *5*). The nonphosphorylated (*NP*) and phosphorylated (*P~1~* and *P~2~*) α~1~ connexin isoforms and molecular mass standards are indicated on the right of the blot.](JCB.32961f6){#F6}
